Chicken embryo manipulation, especially germline manipulation, recently has progressed greatly by devising important experimental techniques, such as embryo culture and primordial germ cell (PGC) manipulation. Embryogenesis and embryonic development in chickens are affected by gravity at various developmental stages. Freshly collected PGC population seems to contain germline-competent PGCs in opposite-sex germline chimeric chickens, but these PGCs probably disappear from the population during in vitro culture. Long-term culture of chicken PGCs makes it possible to transfer foreign DNA into the germline and also contributes to preserving avian genetic resources. Propagation of endangered avian species could become possible via interspecies germline chimeras. Development of techniques producing somatic cell-derived offspring could also be useful to avian germline manipulation.
Introduction
Chickens are important both for poultry industry and also as experimental animals. Chicken embryos have long been used for the study of developmental biology, because embryonic development proceeds inside the eggshell and observation and manipulation of chicken embryos during embryonic development are relatively easy compared with mammals. Recently, chicken embryo manipulation, especially germline manipulation, has progressed by devising important experimental techniques, such as embryo culture, primordial germ cell (PGC) isolation and transfer, and PGC culture in vitro. These techniques have been improved and established as a system for chicken germline manipulation. The author reviewed the progress of chicken embryo manipulation (Naito, 2003a, b, c) , and further progress in this field has been reported in recent reviews (Lavial et al., 2006; Lavial and Pain, 2010; Han, 2009; Glover and McGrew, 2012; Intarapat and Stern, 2013; Nakamura et al., 2013; Nishijima and Iijima, 2013; Park et al., , 2014 Tajima, 2013) . This review, therefore, focuses on several topics involved in chicken embryo manipulation.
Embryogenesis and Gravity
Embryogenesis and embryonic development in chickens are affected by gravity. During egg formation, the egg is rotated in the uterus (10 to 15 revolutions per hour), and as a result the blastodisc is forced into an oblique position and the force of gravity affects the determination of the anteriorposterior axis (Kochav and Eyal-Giladi, 1971 ). The posterior part of the embryo always forms at the highest point and the head at the lowest point of the blastodisc. The axis of the future embryo, therefore, can be predicted after oviposition. When the egg is surveyed with its pointed end to the right and the blunt end to the left, the embryo will develop perpendicularly to the long axis with its tail toward the observer.
In a laid egg, the yolk is surrounded by a thick albumen capsule and is positioned in the center of the egg by chalazae, and the blastoderm is situated at the top of the yolk. The specific gravity of the yolk (1.029) is significantly lower than that of the thick albumen (1.036) and thin albumen (1.040). Thus, under 1 G gravity, the yolk always floats on the albumen and the blastoderm lies near the eggshell membrane. Such a position of the embryo appears to be important for inducing angiogenesis in the chorioallantoic membrane and normal development of the embryo (Rowlett and Simkiss, 1987) . In 1992, fertilized eggs of 0-, 7-and 10-day incubated eggs were flown in the space shuttle "Endevour" and incubated for 7 days under microgravity. The embryos of unincubated eggs were dead at the early developmental stages, whereas the embryos from 7-and 10-day incubated eggs developed normally and they hatched (Suda et al., 1994) . Chicken embryo culture technique (Perry, 1988; Naito et al., 1990) enabled us to analyze the reason of the high mortality of unincubated eggs. The high mortality of unincubated eggs in space appeared to be related to the lack of separation of yolk from albumen under microgravity during the 7-day incubation period; the yolk could not float on the albumen and the position of the blastoderm on the yolk was not determined, and as a result the embryos did not make contact with the eggshell membrane and the embryos died at the early embryonic development (Suda et al., 1994) . Thus, the subtle difference in specific gravity between the yolk and albumen plays a critical role in early chick embryogenesis.
These results suggest that gravity affects the development of chicken embryos at various stages. It would be interesting to know whether body axes in the chicken blastodisc are normally formed under microgravity.
Germline Manipulation

Germline Chimeric Chickens
Germline chimeric chickens can be produced by the transfer of PGCs (Tajima et al., 1993 (Tajima et al., , 1998 (Tajima et al., , 2004 Naito et al., 1994a, b) . Isolation of PGCs from early stage embryos and transferring to recipient embryos can produce same-sex and mixed-sex germline chimeric chickens. Naito et al. (1999 Naito et al. ( , 2001 ) produced same-sex and mixed-sex germline chimeric chickens by transfer of the stage X blastodermal cells containing PGCs (or their precursor cells) and PGCs isolated from the blood of 2. 5-day incubated embryos. Same-sex germline chimeric chickens generated donor-derived offspring efficiently, whereas mixed-sex germline chimeric chickens also generated donor-derived offspring but with very low efficiencies (Table 1) . When male PGCs (ZZ) were transferred to female recipient embryos, they could differentiate into functional Z-bearing ova. When female PGCs (ZW) were transferred to male recipient embryos, Z-bearing spermatozoa derived from female PGCs could be produced to give rise to functional offspring. W-bearing spermatozoa were also produced, but no functional offspring have been generated so far from the mixed-sex germline chimeric chickens (Kagami et al., 1995 (Kagami et al., , 1997 Tagami et al., 1997 Tagami et al., , 2007 Naito et al., 1999) . Recently, gonadal germ cells isolated from the gonads of 7-day incubated embryos were transferred to the recipient embryos and succeeded to produce same-sex and mixed-sex germline chimeric chickens (Nakajima et al., 2014) . The transferred male gonadal germ cells (ZZ) could give rise to functional offspring via female recipients (Table 1) . These data might suggest that a part of the PGC population in chickens have an ability to give rise to opposite-sex functional gametes via mixed-sex germline chimeric chickens. These findings are also supported by the study of sex reversal of gonad. The right ovary of 10-day incubated female embryo was transplanted into a 10-day old castrated male chick. The transplanted right ovary developed to masculinized gonad (ovo-testis) and obtained spermatozoa were inseminated to hens and normal male and female chicks were generated (Frankenhuis and Kappert, 1980) . The results suggest that female gonadal germ cells (ZW) have an ability to differentiate to functional spermatozoa in sex reversed gonad (ovo-testis).
PGC Culture
For germline manipulation in chickens, it is necessary to develop a technique for culturing PGCs in vitro. Long-term culture of chicken PGCs was first reported by van de Lavoir et al. (2006a) . That was 13 years after the first report of producing germline chimeric chickens by the transfer of PGCs (Tajima et al., 1993) , suggesting that chicken PGCs were difficult cells for maintenance, proliferation and manipulation in vitro (Etches, 2006) . They cultured PGCs isolated from embryonic blood on feeder cells derived from Sandoz inbred mouse-derived thioguanine-resistant and ouabain-resistant (STO) cells or Buffalo Rat Liver (BRL) cells in a culture medium containing basic fibroblast growth factor (bFGF) and stem cell factor (SCF). The usefulness of this culture method was confirmed by Macdonald et al. (2010) and Miyahara et al. (2014) . Choi et al. (2010) devised a feeder-free culture method for PGCs and found that bFGF is one of the key factors for the maintenance and proliferation of PGCs. Thereafter they modified the PGC culture method using mouse fibroblasts as feeder cells (Park and Han, 2012) . Cultured PGCs (BPR: Barred Plymouth Rock) isolated from embryonic blood were transferred to recipient embryos (WL: White Leghorn) and gave rise to viable offspring via germline chimeric chickens (van de Lavoir et al., 2006a) . The efficiencies of generating donorderived offspring from the germline chimeric chickens were varied from 1-86%, depending on the established PGC lines and individual chimeras. On the other hand, cultured PGCderived offspring were efficiently generated from the germline chimeric chickens (more than 90%) as reported by Park and Han (2012) . In this case, WL PGCs isolated from the gonads of 6-day incubated embryos were cultured and transferred to Korean Ogol chicken (KOC) recipients. It would be interesting to know whether similar results can be obtained from germline chimeric chickens produced by the opposite combination of donor and recipient breeds.
Long-term PGC culture on feeder cells derived from chicken embryos has been conducted. PGCs isolated from embryonic gonads were cultured on chicken embryonic fibroblast cells or gonadal stroma cells for more than 2 months, and produced germline chimeric chickens after transfer to the recipient embryos (Park and Han, 2000; Han et al., 2002; Park et al., 2003ab; Shiue et al., 2009) . Similarly, PGCs isolated from embryonic blood were cultured on chicken feeder cells and successfully produced germline chimaeric chicken after transfer to the recipient embryos . The germline transmission rate of cultured PGCs was low, but subsequently the germline transmission rate of the cultured PGCs was greatly improved (Naito et al., 2015) . PGCs tend to form colonies and proliferate on chicken feeder cells in culture (Park and Han, 2000; Han et al., 2002; Shiue et al., 2009; Naito et al., 2010 Naito et al., , 2012 , while PGCs proliferate without forming colonies on mouse or rat feeder cells in culture (van de Lavoir et al., 2006a; Macdonald et al., 2010; . The characteristics of these cultured PGCs might be different between the two kinds of culture systems.
Characteristics of PGC Population
The germline transmission rate of donor-PGCs in recipient embryos was affected by the chicken breed combination of donor and recipient (Naito et al., 1994a) . In general, a comJournal of Poultry Science, 52 (1) bination of a breed of high egg production rate as donor and a breed of relatively low egg production rate as recipient is considered preferable to obtain a high germline transmission rate of donor PGCs in germline chimeric chickens. Another point is whether the obtained PGCs were from embryonic blood or embryonic gonads. When PGCs derived from embryonic blood were cultured in vitro, germline-competent and germline-incompetent PGC lines were established (van de Lavoir et al., 2006a) . Also, the germline transmission rates of cultured PGCs were various among the established germline-competent PGC lines (van de Lavoir et al., 2006a; Song et al., 2014) . On the other hand, most of the PGCs in the bloodstream migrate to the germinal ridges, but some PGCs migrate to other sites, such as the heart or head region (Kuwana, 1993) . Gonadal PGCs are, in a sense, a selected population able to migrate to the germinal ridges. It seems, therefore, that the germline transmission rates of cultured PGCs derived from embryonic gonads just after migration were high as reported by Park and Han (2012) , although the gonadal PGCs gradually differentiate toward the gametes and lose the ability to re-migrate to the germinal ridges as the embryo develops (Minematsu et al., 2004c) . In the mouse, PGCs have an ability to develop into pluripotential cells, embryonic germ (EG) cells, by culturing them in vitro, but not all the PGCs develop into EG cells. It is reported that the PGC population contains subpopulations that have greater ability to develop into EG cells (Matsui and Tokitake, 2009 ). It may, therefore, be possible that PGCs circulating in the bloodstream of chicken embryos are not a uniform population as has been suggested in the mouse experiment, but further studies are necessary to clarify this issue.
Although donor-derived offspring were obtained from the opposite-sex germline chimeric chickens produced by the transfer of freshly collected PGCs (Naito et al., 1999 (Naito et al., , 2001 Nakajima et al., 2014) , no donor-derived offspring were generated from the opposite-sex germline chimeric chickens produced by the transfer of cultured PGCs (van de Lavoir et al., 2006a; Macdonald et al., 2010; , as shown in Table 1 . Freshly collected PGC population seems to contain germline-competent PGCs in opposite-sex germline chimeric chickens, but these PGCs probably disappear from the population during in vitro culture.
Interspecies Avian Germline Chimeras
Production of germline chimeras between avian species is useful for the propagation of endangered species of birds. Quail-chicken chimeras were produced by the transfer of stage X quail blastodermal cells into chicken embryos, and the transferred quail blastodermal cells migrated to various organs and tissues including gonads (Naito et al., 1991 Watanabe et al., 1992) . Quail-chicken chimeras were also produced by the transfer of PGCs isolated from embryonic blood, and the transferred quail PGCs migrated to the germinal ridges of chicken embryos and vice versa (Ono et al., 1998a, b) . However, donor-derived offspring were not generated from these putative quail-chicken chimeras. On the other hand, stage X duck blastodermal cells were transferred to the chicken embryos and successfully produced duck-chicken germline chimeras (Li et al., 2002) . PGCs isolated from endangered avian species can be transferred to chicken embryos and the produced interspecies germline chimeras can generate offspring of endangered bird species by mating them. So far, interspecies germline chimeras were produced by the transfer of PGCs derived from the gonads of 7-day incubated pheasant embryos to chicken embryos (Kang et al., 2008) , PGCs derived from the gonads of 8-day incubated Houbara bustard (Chlamydotis undulata) embryos to chicken embryos (Wernery et al., 2010) , and PGCs derived from the blood of 2.5-day incubated chicken embryos to duck embryos (Liu et al., 2012) . In the above experiment, freshly collected PGCs were transferred to recipient embryos and the donor-derived offspring were generated only through male germline chimeras. Cultured PGCs derived from the blood of 2.5-day incubated chicken embryos were transferred to guinea fowl embryos and donorderived offspring were generated only through male germline chimeras (van de Lavoir et al., 2012) . On the other hand, the transferred cultured PGCs derived from the gonads of 6-day incubated chicken embryos colonized in the gonads of quail and pheasant embryos, but no donor-derived offspring were obtained from the male and female chimeras . Thus, donor-derived offspring were obtained only from male interspecies germline chimeras, although the efficiencies were very low. Why female PGCs cannot give rise to viable offspring through interspecies chimeras should be clarified. PGC culture in vitro is currently successful only in chickens, and in vitro PGC culture methods for other avian species should be developed.
Naito: Embryo Manipulation in Chickens
Use of Somatic Cells
Development of a technique for producing somatic cellderived offspring will be required to rescue endangered avian species when the germ cells of these birds cannot be obtained. Somatic cell nuclear transfer into enucleated PGCs is one promising method for propagation of endangered avian species (Tajima, 2002; Minematsu et al., 2004a, b; Naito et al., 2005; Kohara et al., 2008) . If a nucleus of PGC can be replaced by a somatic cell nucleus, the nuclear transferred PGC could give rise to viable offspring via the germline chimeric chicken after being transferred to a recipient embryo. Functional enucleation of PGCs could be done by UV irradiation (Minematsu et al., 2004a) or some other method, and somatic cell nuclear transfer could be achieved by fusing the enucleated PGC with a somatic cell (Minematsu et al., 2004b; Naito et al., 2005; Kohara et al., 2008) . Through these manipulations, it is expected that the nuclear transferred PGCs can be produced and the manipulated PGCs will migrate to the germinal ridges after being transferred to the bloodstream of recipient embryos, then successfully differentiate into germ cells in the gonads of chimeric chickens. By mating these chimeric chickens, somatic cell-derived offspring are expected to be produced. Another promising method for producing somatic cell-derived offspring is the generation and use of induced pluripotential stem (iPS) cells (Takahashi and Yamanaka, 2006) . Quail iPS cells were generated as the first non-mammalian animal . They were capable of producing live chimeric birds after transfer into recipient embryos and incorporated into various tissues and organs including gonads, but it is unsure whether quail iPS cells can differentiate into germ cells in recipient gonads. Similarly, chicken induced PGCs (ciPGCs) were generated from a somatic cell line (Lu et al., 2014) . Since chicken embryonic stem cells can scarcely differentiate into germ cells (Pain et al., 1996; van de Lavoir et al., 2006b) due to the presence of germ plasm as the germ cell determinant (Tsunekawa et al., 2000) , avian pluripotent stem cells derived from somatic cells should be induced to express genes that specifically express in germ cells, such as the vasa gene (Lavial et al., 2009) .
Gene Transfer
Genetic modification in chickens is useful for analyzing the function of cloned genes, producing pharmaceutical materials in eggs, and genetic improvement of chickens. Through recent development of PGC culture methods, gene transfer into chickens without using viral vectors has become possible. The first successful production of transgenic chickens expressing the GFP gene using cultured PGCs was reported by van de Lavoir et al. (2006a) . They transfected cultured PGCs with the GFP gene and the manipulated cultured PGCs were transferred to the recipient embryos after selection and proliferation of successfully transfected PGCs. The chickens expressing the GFP gene were then generated via germline chimeric chickens. The integration frequency of the GFP gene into the cultured PGCs was low and occasionally suppressed the GFP gene expression due to gene silencing. This difficulty was overcome using integrase and insulator sequences in the plasmid (van de Lavoir et al., 2006a; Leighton et al., 2008; Schusser et al., 2013) . Further improvement was achieved using tol2 or piggyBac transposons (Macdonald et al., 2012; Park and Han, 2012; Glover et al., 2013) , and the expression of the introduced GFP gene was observed consistently without transgene silencing. More sophisticated genome editing could be achieved by recently developed approaches using zinc-finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN), or clustered regularly interspaced short palindromic repeats (CRISPR/Cas) (see review: Sakuma and Woltjen, 2014) .
PGCs circulating in the bloodstream can be efficiently transfected in vivo by lipofection (Watanabe et al., 1994; Naito et al., 2007) . By using tol2 transposons, the GFP gene can be stably integrated in the circulating PGCs in vivo (Tyack et al., 2013) . Although the integration frequency of the GFP gene in this in vivo gene transfer via circulating PGCs was low, gene transfer into chickens can be achieved without culturing PGCs in vitro.
Conservation of Genetic Resources
Ovum or fertilized ovum of avian species cannot be preserved in liquid nitrogen due to the presence of a large amount of yolk. Preservation of avian genetic resources was, therefore, conducted only by preserving spermatozoa (Tajima, 2013) , and preservation of female gametes was impossible.
Journal of Poultry Science, 52 (1) Development of the technique producing germline chimeric chickens by the transfer of PGCs (Tajima et al., 1993; Naito et al., 1994a) enabled us to manipulate male and female PGCs. By preserving PGCs isolated from embryonic blood in liquid nitrogen, both male and female genomes can be preserved and male and female offspring can be generated via germline chimeric chickens by the transfer of frozenthawed PGCs (Naito et al., 1994b) . Similarly, gonadal PGCs isolated from the gonads of 5-9 day incubated embryos can be stored in liquid nitrogen and give rise to viable offspring via germline chimeric chickens (Tajima et al., 1998 (Tajima et al., , 2004 . By combining the PGC freezing method (Naito et al., 1994b) and PGC culture method (van de Lavoir et al., 2006a) , both male and female genetic resources in chickens have become possible to preserve as primordial germ cells (Fig. 1) . Since long-term culture of female PGCs is difficult, modification of the PGC culture method is required. Recently, long-term culture of female PGCs has been achieved and they have given rise to viable offspring via germline chimeric chickens (Song et al., 2014; Naito et al., 2015) . Thus, preservation of avian genetic resources using PGCs has almost been achieved as well as preserving spermatozoa (Sasaki et al., 2010) . If generation of somatic cell-derived offspring becomes possible in the future, somatic cells would also be useful for preserving avian genetic resources. Fig. 1 . Preservation and propagation of avian genetic resources using PGCs. PGCs isolated from embryonic blood can be stored in liquid nitrogen (−196℃) following proliferation in vitro. After thawing, PGCs were proliferated in vitro and then transferred to recipient embryos. The manipulated embryos were cultured and produced germline chimeric chickens. By mating these male and female germline chimeric chickens, male and female offspring derived from frozenthawed PGCs can be generated.
